Humans display levels of cooperative behavior that contradict the predictions of theoretical models of rational self-interested individuals. We propose a novel technique to discriminate among other-regarding behavior, self-interested strategic play, and decision errors in laboratory experiments. We introduce "virtual players" in two public goods experiments to remove the concerns of human subjects for other players. Comparing contributions across treatments, we find that other-regarding behavior elevates contributions. The results also suggest that subjects are motivated by fairness considerations. We discuss ways in which the virtual-player technique can discriminate among competing explanations of behavior observed in other experiments.
Introduction
Game theoretic models of bargaining and voluntary contributions to public goods make strong predictions that rely on the hyper-rationality and self-interest of players. In a dictator game, standard theory predicts that a proposer who is asked to unilaterally divide a sum of money between herself and another player will offer nothing to the other player. Similarly, players should not cooperate in repeated prisoner dilemma games, nor contribute to the funding of public goods in typical voluntary contribution games. 2 These predictions, however, are consistently violated in laboratory experiments. Subjects offer significant amounts of money to other players in dictator games, achieve non-Nash levels of cooperation in repeated dilemma games and voluntarily contribute to the funding of public goods when these actions are not in their immediate self-interest (Davis and Holt, 1993; Kagel and Roth, 1995) . Explaining these robust empirical results is challenging. Leading suggestions can be organized into three categories: (1) confusion and decision errors; (2) strategic considerations stemming from individual motivations that extend beyond the absolute magnitude of a player's own payoff (e.g. caring about relative income), or stemming from incomplete information and uncertainty about other players' motivations, payoffs and rationality; (3) "other-regarding" preferences (altruism, fairness, warm glow, reciprocity, etc.). Discriminating among these competing explanations is difficult because non-monetary considerations cannot be directly observed, nor easily manipulated and controlled for in the laboratory.
We propose a novel technique to discriminate among other-regarding behavior, selfinterested strategic play, and decision errors in laboratory experiments. The approach relies on the introduction of non-human (virtual) players in games normally played by humans only. We posit that opposing a single human subject to virtual players that do not receive payoffs neutralizes the other-regarding components of the human subject's utility function. By appropriately defining the virtual players' strategy space and behavioral rules, and providing this information to the human subject, it is possible to remove either other-regarding behavior only, or both strategic considerations and other-regarding preferences simultaneously. For instance, if virtual players are programmed to behave exactly as if they were humans, and human players are aware of this, we expect humans to behave no less strategically than humans who play with humans. Thus, one can detect other-regarding behavior by comparing the behavior of humans playing with humans in the control group to the behavior of humans playing with virtual agents in the treatment group. Alternatively, if virtual players use pre-defined decision rules that are not associated with the actions of other players, the experimental environment encourages neither strategic nor other-regarding considerations.
We present the virtual-player method and the result of its application in the two mechanisms most widely used to raise funds for public goods: the voluntary contribution mechanism (VCM) and the provision point mechanism (PPM). Our results support the view that players in these games care about the welfare of other players. We are also able to infer that the other-regarding behavior is partially motivated by a desire for fairness in the allocation of costs for the public good.
In the next section, we briefly review previous approaches to detect and measure otherregarding behavior and separate it from decision error or strategic play. In Section 3, we describe the virtual-player approach, the public goods experiments, and our results. We conclude in Section 4 by discussing the wider applicability of the virtual-player technique.
Efforts to detect, separate and measure other-regarding behavior
Economists have used different approaches to separate errors, other-regarding behavior and strategic considerations in public goods and bargaining games. In public goods experiments, they have relied on clever manipulations of payoffs and econometric methods (e.g. Andreoni, 1995; Palfrey and Prisbrey, 1997; Goeree et al., 1999) . The reliance on manipulating payoffs, however, has resulted in incomplete separation of motives and the need to apply econometric methods to discriminate among alternative hypotheses. It also requires experimentalists to specify the elements that enter a subject's utility function and to assume a functional form.
In bargaining experiments, experimentalists have focused more directly on controlling subject motivations by adjusting the relative power of individual agents. Harrison and McCabe (1996) introduced computer automata to an ultimatum game in order to control the stimuli applied to subjects and to observe learning. Forsythe et al. (1994) used powerless human agents to transform the ultimatum game into the dictator game. The presence of a powerless receiver in the dictator game allows one to make inferences about the motivations of subjects. Güth and van Damme (1998) refined this analysis by introducing a third (powerless) player in the ultimatum game. The third player helps separate strategic play from concerns for fairness toward other players.
Our introduction of virtual players into public goods games is a natural extension of previous approaches. The method confers the ability to directly remove other-regarding concerns in addition to, or instead of, strategic considerations and is a logical step toward a better understanding of behavior in public goods games.
Design and applications
We employ an experimental design that focuses on the identification and removal of all forms of other-regarding behavior in two public goods funding mechanisms: (1) a variant of the VCM; and (2) a variant of the PPM studied by Rondeau et al. (1999) .
By removing all but one human from the game, we neutralize the predisposition of some subjects to care about the welfare of others. We hypothesize that humans playing a one-shot public good game with virtual players will contribute less than humans playing an identical game with human players. We attribute any changes in contribution levels to the presence of other-regarding preferences.
To cleanly isolate other-regarding behavior, we must ensure that the control experiment (humans playing with humans) and the treatment (humans playing with virtual players) produce identical strategic incentives. We maintain the strategy set across treatments by making the virtual players' actions reflect past human play, and by informing subjects of this fact. We first run control experiments with human subjects and gather the individual data on contributions. The data from the all-human sessions (N players per session) generate a databank of individual choices from which the actions of virtual players in subsequent automata treatments are drawn. In virtual-player treatments (Appendix A), a single human subject plays with N − 1 virtual players, which are explicitly characterized in the instructions as non-human agents. The human subject also receives information on the way in which the virtual players' actions are determined.
We conducted three sets of experiments. The "Fall 1998" (PPM control with humans) and "Spring 1999" (PPM virtual-player treatment) experiments were a pre-test of the method, but we find the data sufficiently interesting to report them below. In the fall of 1999, we applied the same method to both the VCM and PPM institutions, using students recruited from a single class.
Fall 1998/Spring 1999 PPM experiments
The Fall 1998 experiment drew its subject pool from an introductory engineering economics class (similar to a managerial economics class). Students were not taught about public goods. Thirty-nine students in the class participated in an all-human PPM experiment during a weekly section meeting. Beyond the usual instructions regarding anonymity, subjects were told that the experiment was completely unrelated to the course.
The Fall 1998 PPM institution can be summarized as follows. 3 Each subject receives an initial endowment E = US$ 12 and divides this amount between a private account and a public investment fund (a contribution C i by player i). Any amount deposited in the subject's private account becomes part of the subject's payoff. If the sum of all subject contributions is below a threshold, or provision point (PP), all contributions to the group investment funds are reimbursed (a money-back guarantee). In this case, i's payoff is simply his initial endowment of US$ 12. If total contributions to the investment fund exactly match the PP, all subjects in the group receive V = US$ 6 for a net payoff of E −C i +V = 18−C i . Finally, if the sum of contributions exceeds the PP, excess contributions return to subject i proportionally to the weight of i's contribution to the investment fund. In this final case, i's net payoff is:
Prior to his decision, a subject knows the group size and that all players have the same endowment (E) and value (V) for the investment. In our design, the public good has an uncertain cost, with the PP chosen randomly from a known uniform distribution. Subjects know that, after all decisions have been made, the PP is revealed by drawing from a bingo cage containing 25 balls numbered 0 to 24 and multiplying the number drawn by US$ 10. We chose this design to match the design of other public goods experiments conducted at Cornell as part of a larger NSF-funded research program. In the PPM game with random cost chosen from the uniform distribution [0, C max ], there is no dominant strategy and, with N agents in a group, the symmetric Nash equilibrium contribution is 4 :
Instructions are available from http://web.uvic.ca/∼rondeau/fileshare.htm 4 To derive this equilibrium, simply solve the following problem for the case in which all subjects contribute the same amount ( In the 1998 PPM experiment, the mean contribution to the public investment fund was US$ 6.09 (median = US$ 6.00; S.D. = 3.48). The high level of contributions in this one-shot environment is consistent with the results of Rondeau et al. In 1999, we replicated the Fall 1998 experiment in the same engineering course and under the same conditions except for the introduction of virtual players. Each 1999 subject played in a group consisting of the subject and 38 virtual players. As explained earlier, the contributions of the 38 virtual students were drawn randomly from the set of contributions generated in the 1998 all-human experiment and 1999 subjects were informed of this process. With the exception of additional language concerning the virtual players, the instructions and experimental environment were identical across the 1998 and 1999 sessions.
The 1999 data exhibit the expected decrease in contributions. Subjects in the virtual-player environment contributed an average of US$ 4.60 (median = US$ 5.00; S.D. = 3.31). Statistical differences between the human and virtual-player treatments are significant. For instance, a t-test on means yields a P-value less than 0.03 and a Mann-Whitney test of equality of the medians yields P < 0.06. The percentage of US$ 0 contributions increased from 3 percent in the human treatment to 21 percent in the 1999 virtual-player environment (a test of equal proportions yields P < 0.01).
While these results are suggestive of the role of other-regarding behavior in this PPM environment, we must question their robustness since the subject pool was not strictly identical between the two years. Our next study draws subjects from the same pool and applies the virtual-player technique to the VCM as well as the PPM environment.
Fall 1999 VCM/PPM experiments
In the Fall 1999 experiments, 169 subjects from an introductory undergraduate economics class participated. These subjects had already participated in four other experiments during the semester including a repeated-round duopoly experiment in which deviations from the payoff-maximizing collusive strategy were common and discussed in follow-up teaching activities. Furthermore, the names of top earners to date were posted in the experimental laboratory. The top moneymakers were to receive additional cash prizes at the end of the semester, although our experiment was not included in the class competition. Thus, our subject pool can be considered an "extreme" environment in which to search for altruistic preferences: subjects were "economists in training", operating in an environment in which self-interest was being reinforced.
Experimental sessions took place over 2 days in the class's weekly section meetings. Subject participation was quasi-voluntary-a tiny portion of the final grade was attributed to attendance at weekly sections. About half of the subjects participated in a VCM treatment, the other half in a PPM. Roughly half of the subjects made their decisions in all-human groups. The other half made their decisions in groups of "virtual students". Thus, the experimental design had four cells: (1) PPM with all-human groups; (2) PPM with virtual-student groups; (3) VCM with all-human groups; (4) VCM with virtual-student groups. Each cell consisted of two sessions of about 20 students each.
The PPM experiment had a design similar to the 1998 pre-test with the exception of three minor changes. The group size was reduced to 20, the individual payoff was increased to US$ 7 and the random provision point was drawn from the uniform distribution with In the VCM session, subjects received US$ 0.07 per share purchased at US$ 1 each by the group, up to a maximum of 100 shares purchased or US$ 7 in individual payoff.
b VCM human experiments were conducted in groups of 21 individuals. All 43 participants in the virtual-player treatment were informed that they were playing with 20 virtual agents. In the PPM, the human group size was 20 and all 38 players in the virtual treatment were told that they were playing with 19 virtual players.
support [0, 140] . In the VCM design, the group size was 21 and, as in the PPM design, subjects had common endowments, payoffs, and information (see Table 1 ).
It should be noted that our VCM design differs slightly from the VCM design most commonly found in the literature (Isaac et al., 1984) . In our design, subjects receive an individual return of US$ 0.07 per dollar contributed to the group fund, up to a maximum of US$ 7. Thus, contrary to previous research on the VCM, the social optimum is for the group to contribute US$ 100 rather than the entire collective endowment. Subjects still have a dominant strategy to contribute nothing. We chose this design to match the design of other public goods experiments conducted at Cornell as part of a larger research program. The design matches real world situations in which the maximum quantity of the public good that can be provided is restricted (e.g. roads removed from a national park, Champ et al., 1997) .
As predicted, subjects in these experiments behaved differently depending on whether they played with humans or with virtual players (see Table 1 ). The differences were most striking in the VCM environment in which the dominant strategy was to contribute nothing to the public account. In this environment, subjects in the human treatment contributed an average of US$ 2.14 (median of US$ 2.38) while their counterparts in the virtual-player treatment contributed US$ 1.16 (despite the virtual-player sessions containing the two highest VCM contributions). It is worth noting that the median contribution level in the virtual treatment is exactly zero, consistent with the Nash equilibrium prediction. The percentage of zero contributions increased from 40 percent in the all-human sessions to 60 percent in the virtual-agent sessions (P = 0.03). 5 We attribute the positive contributions of the remaining subjects to decision errors. Our results, like those of Andreoni, suggest that, approximately 50 percent of total contributions are a result of other-regarding behavior and the rest a result of decision error. Table 1 lists four statistical tests of significance, ranging from non-parametric tests that make few assumptions about the underlying distribution of contributions to the parametric t-test that makes strong assumptions about the underlying distribution. We include the non-parametric tests (Mood, 1950; Westenberg, 1948; Fligner and Policello, 1981) because of the highly irregular, skewed sample distributions generated by the experiments tests lead to a rejection of the normality hypothesis. Given such poorly-behaved distributions, we believe that the Mood-Westenberg test, a non-parametric test with few assumptions, is the most appropriate test. 6 For the VCM data, the tests yield P-values ranging from P = 0.01 to P = 0.03.
In the PPM experiments, subjects playing with humans contributed an average of US$ 5.30 compared to the US$ 4.27 contributed by subjects playing with virtual agents. In the same order, medians are US$ 5.00 and US$ 4.00. The battery of statistical tests reported in Table 1 yields P-values ranging from 0.035 to 0.11. The weaker statistical results for the PPM can be explained by the greater variance in contribution levels observed in this mechanism compared to the VCM. The greater variance leads to a greater probability that the results are consistent with the null hypothesis and is likely attributable to the absence of a dominant strategy in the PPM. Thus, we observe a flatter distribution and a greater variance. It is notable, however, that in both the PPM and VCM experiments, the difference in mean contributions attributed to other-regarding behavior is, approximately US$ 1.00 (US$ 0.98 for the VCM and US$ 1.03 for the PPM).
To add further support to our contention that other-regarding behavior causes the observed differences in contribution levels, and to demonstrate the opportunities for inquiry made possible by the virtual-player treatment, we analyzed the data for signs of concerns for fairness.
Subjects in the VCM sessions could calculate the fair cost-sharing contribution by dividing the amount of contributions required to fund the public good entirely (US$ 100) by the number of players in the group. The fair cost-share contribution was US$ 4.76 in all VCM sessions. If fairness plays a strong role in determining contribution levels for some subjects, we expect to observe a greater number of fair share contributions in all-human groups than in virtual-player groups. Indeed, we observe this phenomenon.
In human treatments, 14 percent of subjects contributed exactly the expected fair share of US$ 4.76, while none of the subjects who played with automata contributed the fair share. 7 This difference is highly significant (P = 0.004) and fair share contributors accounted for 32 percent of the total contributions. If we relax the definition of a fair share contribution to any contribution between US$ 4.50 and US$ 5.00, we find that 29 percent of the all-human subjects contributed the fair share, accounting for 63 percent of the contributions, while only 2 percent in the virtual-player groups contributed in this range (P < 0.001). The greater frequency of fair share contributions in the all-human groups also suggests that these calculations are not made simply because they are cognitively easier to make. Thus, a "The procedures followed in this experiment preserved my anonymity". Scale 1 (strongly disagree) to 7 (strongly agree).
b "The instructions for the experiment were clear and easy to follow". Scale 1 (strongly disagree) to 7 (strongly agree).
c The index was generated from a series of 10 questions (contact authors for questionnaire).
virtual-player designs can also allow researchers to differentiate decisions motivated by human interactions from decisions that are made because they involve lower cognitive costs. Finally, to ensure that the detected changes in contribution behavior between the all-human sessions and the virtual-player sessions were not generated by differences in subject groups, we collected subject information through a post-experiment questionnaire. The data are summarized in Table 2 .
The data indicate that subject characteristics across experimental sessions are similar. Although the proportions of females and economics majors appear to differ in the VCM across cells, the differences are not significant (P ≥ 0.14). In the PPM cells, however, the difference in the mean number of economics classes taken by subjects does differ significantly (P < 0.05); subjects in the all-human session had taken more economics classes. A simple regression of contributions on the number of economics classes taken suggests that if the number of economics classes taken has an impact on contribution behavior, it likely reduces contributions. The coefficient is negative and weakly significant (−0.69; P < 0.09). A negative impact on contributions would make detecting increases in contributions due to altruistic preferences more difficult.
There is also a difference in subject assessments of the PPM experimental instructions (P = 0.01). Although both groups indicate the instructions were generally easy to follow, subjects in the virtual-player session, not surprisingly, found the instructions somewhat more difficult than their counterparts in the all-human session. It is not clear what impact such difficulty may have on contributions, but regressing contributions on difficulty scores generates an insignificant (P = 0.70) and negative coefficient (i.e. the easier a subject thought the instructions were, the less the subject contributed). In conclusion, we believe that the differences in contribution patterns across cells cannot be attributed to differences in subject pools.
Concluding remarks
The indisputable evidence that individuals derive satisfaction from contributing to the welfare of others or achieving "fair" or "cooperative" outcomes poses fundamental challenges to economic theory. Despite recent creative experimental designs (Andreoni; Palfrey and Prisbrey; Goeree et al.) , our understanding of behavior in simple public goods environments remains incomplete.
By introducing virtual players, we generated data that are consistent with the presence of other-regarding behavior of identical magnitude in two public goods games: the VCM and the PPM. Our results do not support the hypothesis of Ledyard (1995, p. 171 ) that high average rates of contributions in VCM environments are "the unintended result of a corner non-cooperative solution and not altruism". Although further work is needed to clarify the precise components of other-regarding preferences that are neutralized through the virtual-player treatment, we reported evidence demonstrating that a non-trivial number of subjects are concerned with fairness.
In addition to corroborating past work on the presence of non-monetary components of the utility function in a simple and direct fashion, the virtual-player technique opens up myriad possibilities for exploring individual decision-making in group settings. For example, it is often believed that in the context of repeated public goods games, the decline in contributions over multiple periods represents a learning effect (e.g. Palfrey and Prisbrey) . However, the decline may also result from a decline in warm glow or altruism over time (Andreoni) . Using the virtual-player technique, a researcher can isolate the effects of learning from diminishing altruistic behavior. To further discriminate between "warm glow" motivations and "pure altruism" motivations, one could run an experiment that varies the human-virtual agent mix across cells. A "warm glow-only" hypothesis predicts no change in contribution levels as the number of human agents is varied above two.
As Harrison and McCabe have demonstrated, virtual players can be programmed with specific rules of behavior. When these rules are common knowledge, the virtual-player technique can detect if human subjects respond strategically to their opponents' motives. Thus, the technique has the potential to help us understand learning and optimization skills and strategy formulations in a broad range of games and economic situations.
Control is the essence of experimental methodology. We have demonstrated that the introduction of virtual players can be used to detect, and remove, other-regarding behavior in laboratory experiments. It can also be used to manipulate and control the strategy sets of laboratory subjects. Individuals are motivated by more complex factors than the Homo economicus we typically represent with models. We are hopeful that the virtual-player technique can help elucidate these motivations and provide an empirical basis to refine our theories of economic behavior.
Appendix A. Experiment instructions
In order to give the reader an idea of how the virtual-player treatment is implemented, we include the main text of the instructions (without formatting) for the virtual-player treatment of the VCM game. Instructions and timing for the all-human sessions are identical with the exception of the virtual-player language. Each session includes a 5 min oral summary and a question-and-answer period after all subjects have read the instructions. In the oral summary, the non-human nature of the virtual students and the way in which the virtual players made their decisions are emphasized. The full text of all instructions and decision sheets (PPM, VCM, all-human sessions, virtual-agent sessions) can be obtained from the authors or from http://web.uvic.ca/∼rondeau/fileshare.htm.
A.1. Instructions: VCM virtual-agent treatment
This is an experiment in the economics of decision-making. If you follow these instructions closely and make a careful decision, you can earn money. Please do not communicate with any other student during the experiment.
In today's experiment, you are a member of a group that consists of you and 20 "virtual" students (so if there are 15 students in the lab today, there are 15 groups-each human student is paired with a group of virtual students). The decisions of these virtual students are made by a computer. To start the experiment, we give you and each virtual student an "initial balance" of US$ 12.00. Once you have read and understood these instructions, you will be asked to enter a "bid" indicating how much of your US$ 12 you want to invest into a "group investment fund". You can bid any value between US$ 0 and US$ 12.
The money that you bid to the group investment fund will be combined with the bids received from the virtual student members of your group. The fund can purchase "shares" at a price of US$ 1 per share. The fund can purchase up to 100 shares, but no more than that. Hence, all available shares will be purchased if the sum of bids made to the investment fund equals or exceeds US$ 100.
For every share purchased by the group investment fund, you will each receive US$ 0.07 per share (7 cents per share), up to a maximum of US$ 7 (100 shares times US$ 0.07). Note that the virtual students will not receive a payoff because they are not real people.
The virtual students have already submitted their bids, which are in an envelope at the front of the room. Their bids come from a distribution of actual bids made by Cornell students in this exact experiment. In the previous experiments, however, all group members were human; no virtual students were used. Remember, your group is you and the virtual students. None of the other human students in your class are in your group; they are working in different groups.Your final earnings for the experiment will depend on your bid and the bids of your virtual group members.
There are two possible outcomes:
First possible outcome: the sum of bids is less than US$ 100. In this case, all bids will go toward the purchase of shares at US$ 1 per share. You will receive a personal payoff of US$ 0.07 per share from the group investment fund. Thus, your earnings for the experiment would be your initial balance of US$ 12, minus your bid to the group investment fund, plus your payoff of US$ 0.07 per share for every share purchased by the group fund (so if 80 shares are purchased, for example, each member of the group receives US$ 0.07 × 80 = US$ 5.60). Note that the virtual students are also bidding as if they were to receive a payoff per share of US$ 0.07. In other words, their bids come from a distribution of bids submitted by human students who, like you, were to receive US$ 0.07 per share for every share purchased by the investment fund. Second possible outcome: the sum of bids is equal to or greater than US$ 100. If the sum of bids is equal to or greater than US$ 100, the investment fund will purchase all 100 available shares. Thus, you would receive the maximum payoff of US$ 7. Your earnings for the experiment would be your initial balance of US$ 12, minus your bid to the group investment fund, plus your payoff of US$ 7. Note that no matter how much money is contributed to the group fund, no more than 100 shares can be purchased. Note also that the virtual students, like you, are bidding as if they were to receive a payoff per share of US$ 0.07. In other words, their bids come from a distribution of bids submitted by human students who, like you, were to receive US$ 7 if the sum of bids was equal to or greater than US$ 100.
The instructions end with a one-page summary of the main points, and standard reminders of confidentiality, encouragement to ask questions, etc.
